A variety of environmental stresses, as well as inflammatory cytokines, induce activation of c-Jun N-terminal kinases. We describe here that IL-2 deprivation-induced apoptosis in TS1ab cells does not modify c-Jun protein levels and correlates Bcl-2 downregulation and an increase in JNK1, but not JNK2, activity directly related to the induction of apoptosis. Indeed, downregulation of JNK1 expression using antisense oligonucleotides inhibits apoptosis induced by IL-2 withdrawal. Overexpression of Bcl-2 promotes cell survival and blocks JNK1 activation as well as apoptosis caused by IL-2 deprivation. This suggests that inhibition of the JNK1 signaling pathway may be a mechanism through which Bcl-2 promotes cell survival and prevents apoptosis triggered by growth factor withdrawal.
Introduction
Interleukin-2 (IL-2) is a regulator of cell cycle progression in T lymphocytes that binds to a specific cell surface receptor composed of three distinct subunits, a, b, and g or p55, p70 and p64, respectively.
1 ± 3 IL-2-dependent cell survival is triggered by the suppression of an active cell death program induced by growth factor deprivation. 4 ± 7 Extracellular signal-regulated kinases (ERK) and c-Jun N-terminal kinase/stress activated protein kinases (JNK/ SAPK) are both critical in transducing extracellular signals into intracellular responses. These responses include activation of kinase cascades, leading to expression and activation of many transcription factors including c-Fos and c-Jun, and expression of genes such as c-fos and c-jun that play a role in regulating cell growth and differentiation. 8 ± 11 JNK kinases are activated by stimuli such as UV-light, 12 g-irradiation, 13, 14 protein synthesis inhibitors, 15 ceramide, 16 DNA-damaging drugs, 17, 18 TNF and IL-1. 19, 20 JNK activity is also induced by mitogenic signals, including growth factors, 21, 22 oncogenic Ras, 12 CD-40 ligation 23, 24 and T cell activation signaling. 14, 25 JNKs phosphorylate transcription factors such as c-Jun, ATF-2 and Elk-1 and strongly augment their transcription activity. 11, 26, 27 Among JNK kinases are included the 46 kDa JNK1 and the 55 kDa JNK2 isoforms. 15, 21 JNK activation requires phosphorylation at Thr and Tyr residues 12 by a dualspecific kinase, SEK1 or MKK4, which is also activated following phosphorylation by other protein kinases such as MEKK1 and MELK. Although the precise regulatory mechanism of this kinase cascade is still obscure, involvement of Ras, Cdc42 and Rac GTP-binding proteins in JNK pathway regulation has recently been demonstrated. 22, 28, 29 One potential function of JNK may be the initiation of programmed cell death, although activation of the JNK pathway does not necessarily lead to apoptosis; IL-3, erythropoietin and thrombopoietin activate the Ras/MEKK1/ SEK1/JNK pathway without induction of apoptosis.
Apoptosis is involved not only in normal physiological processes, but also in pathogenesis resulting from an imbalance between positive and negative regulators of cell survival. 30, 31 Numerous studies have demonstrated that Bcl-2 is a positive regulator of cell survival. 32 This 26 kDa intracellular protein protects various cell types from cell death induced by growth factor deprivation, heat-shock and viral agents. 33 ± 36 In this paper, we describe the activation of JNK1 following IL-2 deprivation of TS1ab cells. JNK1 activation induced by lymphokine withdrawal correlates with apoptosis induction, since downregulation of JNK1 expression inhibits apoptosis. In addition, JNK1 activation can be prevented by Bcl-2 expression in IL-2-deprived cells. The relevance of these findings in the context of apoptosis is discussed.
Results
Apoptosis in IL-2-deprived TS1ab cells correlates with Bcl-2 downregulation and JNK expression these events could modify expression of Bcl-2 and the JNK protein kinases, molecules known to be related to apoptosis. Figure 1B shows the protein level of JNK1, JNK2 and Bcl-2 after IL-2 starvation of TS1ab cells. Control IL-2-cultured cells show JNK1 expression, which increases slightly after IL-2 deprivation. JNK2 expression shows no difference throughout the starvation period analyzed. Downregulation of Bcl-2 expression is time dependent ( Figure 1B) ; 8 h after IL-2 deprivation, inhibition of Bcl-2 expression is observed and its expression disappears completely 24 h after IL-2 deprivation. Unaltered Ras expression is shown for all conditions as an internal protein loading control. It is important to note that gradual increase in apoptosis correlates with downregulation of Bcl-2 expression. These results suggest that, in TS1ab cells, IL-2 deprivation modifies Bcl-2 expression, whereas JNK2 and JNK1 expression are unaffected or only slightly increased, respectively.
IL-2 deprivation does not block c-jun expression
In the majority of cell types, c-jun is expressed at low levels and is induced rapidly and transiently by extracellular signals. Induction of c-jun, the substrate of JNKs, appears to be mediated via Ras activation and plays an important role in controlling cell growth and apoptosis. We next examined whether IL-2 deprivation results in modification of the c-jun expression level. Figure 2A shows Western blot analysis of c-jun expression in TS1ab cells throughout the IL-2 deprivation time course. Control cells cultured in IL-2 express c-jun and, similarly, c-jun levels were not altered during the starvation period analyzed. This suggests that IL-2 withdrawal-induced apoptosis proceeds along pathways that do not involve changes in c-jun expression. The blot was stripped and reprobed for detection of Ras as an internal control of protein loading.
JNK1, but not JNK2, is activated in IL-2 deprivation-induced apoptosis
To examine the possible involvement of JNK in IL-2 deprivation-induced apoptosis, we measured JNK1 and JNK2 activity in IL-2-stimulated and in IL-2-deprived TS1ab cells. The JNKs were immunoprecipitated with anti-JNK1-or anti-JNK2-specific antibodies at various time points after IL-2 deprivation. The protein kinase activity in the immunoprecipitates was measured using [g-32 P]ATP and purified c-jun-GST fusion protein. JNK1 activity was rarely seen in IL-2 stimulated cells, but a marked increase in activity was detected as soon as 2 h after IL-2 deprivation, reaching maximal activity after 4 h of IL-2 deprivation ( Figure 2B ). The kinase activity decreases and basal activity was detected 12 h after IL-2 deprivation. Conversely, JNK2 activity was almost undetectable and remained constant throughout the IL-2-deprivation time course studied.
As an internal protein loading control, the kinase reaction product detected in anti-JNK1 immunoprecipitates measured in the presence of [g- 32 2610 5 ) were cultured in the presence or absence of IL-2 (5 ng/ml) for 24 h and cell cycle was analyzed at different times for apoptosis using propidium iodide. Cells were permeabilized, stained with propidium iodide, and analyzed for DNA staining using fluorescence flow cytometry. The zero time point corresponds to control cells cultured in IL-2. Error bars represent+S.D. from three independent experiments. (B) Control or IL-2-deprived cells (2610 6 cells) were harvested at different time points and lysed as described in Materials and Methods. Protein extracts were separated in SDS ± PAGE, blotted to nitrocellulose and probed sequentially with anti-JNK1, -JNK2, -Bcl-2 and -Ras antibody, the last as an internal protein loading control. Protein bands were detected using the ECL system. Similar results were obtained in three independent experiments. Molecular weight markers are indicated
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A Cerezo et al detected in the kinase reaction at all time points analyzed ( Figure 2B ), indicating that JNK1 is activated in response to IL-2 deprivation, and the activation precedes induction of apoptosis. This result also suggests that JNK1 activation may contribute to cell death.
Downregulation of JNK1 expression inhibits apoptosis
To test the hypothesis that JNK1 activation contributes to the induction of apoptosis, we inhibited JNK1 expression using antisense oligonucleotides. Sense or antisense oligonucleotide-treated TS1ab cells were cultured with or without IL-2. Cells treated with sense or antisense oligonucleotides in the presence of IL-2 do not show apoptosis ( Figure 3A) . A similar result was observed in untreated, IL-2-stimulated control cells. When cells are treated with antisense oligonucleotides and deprived of IL-2, the fraction of apoptotic cells is reduced to approximately 50% of that observed in sense oligonucleotidetreated cells maintained in the absence of IL-2, strongly suggesting that stimulation of the JNK1 signaling pathway contributes to apoptosis, and indicating a direct correlation between JNK1 activation and apoptosis. The effect of sense or antisense oligonucleotide addition at the protein expression level is shown in Figure 3B . Control or sense-treated cells express JNK1 in the presence or absence of IL-2; however, JNK1 expression is almost undetectable in antisense-treated cells. It is interesting to note that 23% of apoptosis detected in IL-2-deprived cells treated with antisense oligonucleotide is probably due to residual JNK1 expression. This suggests that the JNK1 protein detected after antisense treatment in the absence of IL-2 is minimal but active, since it is able to induce apoptosis. The membrane was stripped and reprobed with anti-Ras antibody as an internal protein loading control.
Bcl-2 prevents JNK1 activation in IL-2-deprived cells
Since Bcl-2 expression blocks IL-2 deprivation-induced apoptosis, it was of interest to determine whether Bcl-2 could inhibit JNK activation induced by IL-2 deprivation. TS1ab cells were transiently transfected with Bcl-2 and cultured with or without lymphokine for 24 h. Bcl-2 expression greatly reduces the level of apoptosis in IL-2-deprived cells compared to mock transfectants ( Figure 4A ), indicating that Bcl-2 prevents apoptosis induced by IL-2 deprivation. No differences are observed in mock or Bcl-2-transfected cells maintained in the presence of IL-2.
To determine the point at which Bcl-2 prevents apoptosis in IL-2-deprived cells in relation to JNK1 activation, we examined the level of JNK1 activity in Bcl-2-transfected, IL-2-deprived cells. IL-2 deprivation induces JNK1 activation, whereas Bcl-2 overexpression in IL-2-deprived cells inhibits 6 ) were harvested at different times (from 2 ± 12 h) and lysed as described in Materials and Methods. Total protein extracts were separated in SDS ± PAGE, transferred to nitrocellulose and probed with anti-c-Jun antibody. The blot was stripped and reprobed with anti-Ras antibody as an internal control of protein loading. Protein bands were detected using the ECL system. Similar results were obtained in three independent experiments. Molecular weight markers are shown. (B) Cell lysates from control IL-2-stimulated or IL-2-deprived cells (1610 7 ) (from 2 ± 12 h) were immunoprecipitated with anti-JNK1 or -JNK2 antibodies. JNK1 and JNK2 immune complexes were assayed by phosphorylating the c-jun-GST substrate in the presence of [g-32 P]ATP. Phosphorylated proteins were separated in SDS ± PAGE and visualized by autoradiography. As an internal control of c-jun-GST protein loading in the reaction, JNK1 kinase activity, measured in the presence of c-jun-GST and [g-32 P]ATP, was separated by SDS ± PAGE, transferred to nitrocellulose and probed with anti-c-Jun antibody as described in Materials and Methods. Similar results were obtained in three independent experiments. Molecular weight markers are shown Figure 4C ). This suggests that Bcl-2 overexpression blocks the action of the JNK1 signaling pathway.
Discussion
We have analyzed the role of JNKs in the process of cell death promoted by IL-2 deprivation in the lymphokine-dependent T cell line TS1ab. IL-2 deprivation elicits downregulation of Bcl-2 expression. IL-2 deprivation does not modify c-Jun protein levels, but induces JNK1 activation which parallels triggering of apoptosis, since downregulation of its expression inhibits apoptosis. Finally, activation of JNK1 caused by IL-2 deprivation is blocked by Bcl-2 expression.
Lymphokine deprivation of TS1ab cells induces a transient increase in Raf phosphorylation, but not in ERK1 or ERK2, suggesting that the downstream effectors of the Ras death pathway are different from those of the MAPK pathway. 36 It can be speculated that, in TS1ab cells, the JNK pathway may be responsible for cellular responses distinct from those regulated by ERK/MAPK. This concurs with the report that c-Jun phosphorylation in 3T3 fibroblast correlates with JNK activation but not that of ERK, suggesting that ERKs are probably involved in the induction of c-fos expression. Transcription factors Elk-1 and SAP-1 bind together with SRF to the serum response element present in the c-fos promoter. ERK, JNK and p38 phosphorylate and activate Elk-1 while SAP-1 is activated by ERK and p38 but not by JNK. The differential utilization of MAPK signaling pathway may represent a potential mechanism for the determination of specific responses to extracellular stimuli. 37 In our cellular model, JNK1 is activated by apoptosisinducing treatments, such as IL-2 deprivation. Inhibition of JNK1 expression by antisense oligonucleotides greatly reduces the level of apoptosis detected in IL-2-deprived TS1ab, suggesting that activation of the JNK signaling pathway is required for apoptosis induction in TS1ab cells. Nerve growth factor (NGF) withdrawal from PC12 pheochromocytoma cells leads to JNK and p38 activation, which is critical for apoptosis induction in these cells. These data suggest that the balance between ERK and JNK activation pathways may be important in determining whether a cell survives or undergoes apoptosis. 38 JNK activation does not necessarily lead to apoptosis: IL-1 activates the JNK signaling pathway and does not induce apoptosis, suggesting that under these conditions, JNK activation may be necessary but not sufficient to induce apoptosis.
12,39 IL-3, erythropoietin and thrombopoietin also activate JNK1 and JNK2, and do not induce apoptosis. 40 Interestingly, no activation of SEK1/MKK4, the classical kinase activated in the JNK signaling pathway, was extracts were separated by SDS ± PAGE, blotted to nitrocellulose and probed sequentially with anti-JNK1 and anti-Ras, the latter as an internal protein loading control. Protein bands were detected using the ECL system. Similar results were obtained in three independent experiments. Molecular weight markers are shown
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A Cerezo et al detected, implying that hematopoietic cytokines activate JNKs through a kinase other than SEK1/MKK4. 15, 41, 42 It has also been shown that JNK activity alone is not sufficient to block cell proliferation. 43, 44 The mechanisms by which JNK activation participates in cell death are unknown. One possibility could be by activating the transcription of apoptotic signaling genes; consistent with this, JNK phosphorylates and enhances the transcriptional activity of c-Jun. 45 An alternative is that activated JNK phosphorylates c-Jun, which in turn sequesters other transcription factors whose activities are required for cell survival. A third hypothesis is that JNK phosphorylates and modulates the activity of other components involved in the cell death pathway. Among such targets may be molecules that regulate the cell cycle and/or ICE family members.
It has been shown that Bcl-2 rescues from cell death induced by growth factor depletion, viral agents and heat shock. In TS1ab cells, IL-2 deprivation results in a gradual disappearance of Bcl-2 protein levels, and cells are committed to die by apoptosis. Under these conditions, Bcl-2 expression itself constitutes a rescue pathway for IL-2 deprivation-mediated apoptosis of TS1ab cells. 36 In addition, Bcl-2 expression is able to prevent JNK1 activation and cell death in IL-2-deprived cells, suggesting that Bcl-2 might disrupt the JNK signaling cascade initiated by IL-2 deprivation. Our results also indicate that there is no JNK stimulation in Bcl-2-expressing cells, and that the JNK signaling pathway may be downstream of the targets of Bcl-2 action. An alternative is that Bcl-2 inhibits one or more apoptotic signaling pathways. It is intriguing, however, to suppose that Bcl-2 may influence upstream signaling pathways which prevent JNK activation and apoptosis. Four hours after IL-2 deprivation in TS1ab cells, we detect maximum JNK1 kinase activity, Bcl-2 expression and approximately 6 ± 8% apoptosis. It is tempting to speculate that the JNK1 signaling pathway has been triggered, inducing Bcl-2 downregulation, and that only Bcl-2 overexpression can prevent apoptosis triggered by IL-2 deprivation-induced JNK1 activity. We cannot exclude the hypothesis of cross talk between Bcl-2 and JNK1. According with our results, it has been shown that Bcl-2 and crmA attenuate the activation of JNKs following cell suspension. Moreover, inhibition of JNK pathway blocks ICE activation. These results suggest a signaling pathway flowing from integrins to Bcl-2, triggering ICE/JNKS and, finally, apoptosis. 46 It appears also that suppression of JNK pathway may be critical for the antiapoptotic function of Bcl-2 and Bcl-X L . 47 Although the detailed mechanism by which Bcl-2 blocks JNK activation is not clear, it has been shown that Bcl-2 disrupt the activation of MEKK1, an upstream protein kinase in the JNK signaling pathway. 48 Interestingly, JNK1 can also be regulated through MEKK1-independent pathways. 49 Several reports indicate that activation of JNKs is necessary for apoptosis of trophic factor-deprived PC12 cells. In this system, death is suppressed by Bcl-2 and by inhibition of ICE family proteases. Recently, it has been proposed the order in which these agents block apoptosis relative to JNK activation. Experimental results indicate that stimulation of the JNK signaling cascade in response to NGF deprivation does not require ICE family proteases. This implies either that ICE family proteases actions lie downstream of the JNK signaling cascade or that the two lie on independent pathways, both required for cell death. 50 It has been reported that Bcl-2 counteracts the apoptotic effects of ICE. 51 Accordingly, Park et al, 50 have shown that Bcl-2 is upstream of ICE proteases and, JNK and ICE pathways are subject to regulation by Bcl-2.
Death of trophic factor-dependent PC12 cells and neurons appears to require transcription. 52 ± 54 In contra- ) were transiently transfected with Bcl-2 and pHook-3 and cultured with or without IL-2. Twentyfour hours after transfection, cells were washed, selected using the CaptureTec pHook-3 kit, permeabilized and stained with propidium iodide. Samples were analyzed by flow cytometry and the proportion of apoptotic cells determined. Two independent experiments were performed with similar results. Error bars represent+S.D. (B) Similarly, TS1ab cells were transiently transfected with Bcl-2 and pHook-3. After transfection, cells were washed, selected using the Capture-Tec pHook-3 kit, and subjected to kinase assay as shown in Figure 3B , using c-jun-GST agarose as substrate and [g-32 P]ATP. Proteins were separated in SDS ± PAGE and visualized by autoradiography. Similar results were obtained in three independent experiments. Molecular weight markers are shown. (C) Control IL-2-stimulated (5 ng/ml) or IL-2-deprived or IL-2-deprived Bcl-2 transfected cells were lysed as described in Materials and Methods. Protein extracts were separated in SDS ± PAGE, transferred to nitrocellulose and probed with anti-Bcl-2 antibody. Protein bands were detected using the ECL system. Similar results were obtained in three independent experiments. Molecular weight markers are indicated diction, it has been reported that activation of JNK in response to NGF deprivation occurs even in the absence of transcriptional activity. 55 This implies that JNK activation occurs by post-translational mechanism and is not a consequence of genes regulated in response to NGF deprivation. The findings presented here provide new and original insights into the mechanism by which JNK and Bcl-2 regulate cell survival and death in TS1ab cells.
Materials and Methods

Cells and cultures
TS1ab is a murine T cell line stably transfected with the a and b chains of the human IL-2 receptor, 56 which can be maintained independently in the presence of IL-2, IL-4 or IL-9. Cells were cultured in RPMI 1640 (BioWhittaker Walkersville, MD, USA) supplemented with 5% heatinactivated fetal calf serum (Gibco, Gaithersburg, MD, USA), 2 mM glutamine, 10 mM HEPES, 0.55 mM arginine, 0.24 mM asparagine, 50 mM 2-mercaptoethanol and 5 ng/ml rIL-2 or 60 U/ml of IL-4.
Lymphokines, antibodies and reagents
Human recombinant IL-2 was provided by Roussel Uclaf (Paris, France). Murine rIL-4 or cultured supernatant of a HeLa subline (H28) transfected with the pKCRIL-4neo plasmid was used as a source of mouse IL-4. Mouse anti-pan Ras mAb (Ab-3) and polyclonal anti-c-Jun Ab were obtained from Oncogene Science (Cambridge, MA, USA), anti-mouse Bcl-2 mAb was from Pharmingen (San Diego, CA, USA) and mouse monoclonal anti-p-JNK1 and rabbit polyclonal anti-JNK1 and anti-JNK2 were from Santa Cruz (Santa Cruz, CA, USA). Peroxidase-conjugated goat anti-rabbit or anti-mouse Ig antibody was from Dako (Glostrup, Denmark). Enhanced chemiluminiscence (ECL) reagent and [g-32 P]ATP were from Amersham (Amersham, UK). Agarose-conjugated human c-jun-GST was from UBI (Lake Placid, NY, USA), NP-40 was from Boehringer Mannheim (Mannheim, Germany) and the Capture-Tec pHook-3 kit was from Invitrogen (San Diego, CA, USA).
Sense and antisense oligonucleotides
The phosphothioate analogs of the oligonucleotides to the 5' end of the JNK1 kinase, including the ATG initiation codon (15mer), were synthesized in an automated synthesizer (Applied Biosystems, Foster City, CA, USA) according to the published protocol. 57 The oligomers were purified as described previously. 58 The oligonucleotide sequence for JNK1 sense (5' ± 3'): ATG TGC ATC GGT GAC and for JNK1 antisense (5' ± 3'): GTC ACC GAT GCA CAT.
Cell cycle analysis
A total of 2.5610 5 cells were washed and resuspended in PBS, permeabilized with 0.1% NP-40 and stained with 50 mg/ml of propidium iodide (PI) immediately before analysis. Samples were analyzed using an Epics XL flow cytometer (Coulter Corp. Miami, FL, USA). Cells were gated by forward and side light scatters and only the viable cell population was selected.
In vitro kinase assay
Cells (10610 6 ) were lysed in RIPA buffer (50 mM Tris pH 7.4, 1% NP-40, 0.25% Na deoxycholate, 150 mM NaCl, 1 mM EGTA and protease inhibitors). Supernatants were immunoprecipitated with anti-JNK1 or anti-JNK2 antibody, followed by incubation with protein-A Sepharose beads. Immunoprecipitates were washed and mixed with 3 mg of agarose-conjugated purified c-Jun-GST and 20 mM [g-32 P]ATP in 30 ml of kinase buffer (20 mM HEPES pH 7.6, 20 mM MgCl 2 , 100 mM sodium orthovanadate and 20 mM b-glycerophosphate) and incubated at 308C for 20 min. The reaction was mixed with SDS ± PAGE sample buffer and boiled for 5 min before loading onto a 10% acrylamide gel. The gel was dried and autoradiographed.
Western blot
Cells (2610 6 ) were lysed in 50 mM Tris-HCl pH 7.5, 1% NP-40, 150 mM NaCl, 5 mM EDTA with protease inhibitors for 15 min at 48C, and centrifuged at 13 0006g. Protein concentrations in supernatants were determined using the Bio-Rad DC Protein Assay (BioRad, Hercules, CA, USA). Protein extracts were separated by SDS ± PAGE, transferred to nitrocellulose membranes, blocked with 5% non-fat dry milk in 20 mM Tris-HCl pH 7.5, 150 mM NaCl (TBS) and incubated with primary antibody in TBS+0.5% non-fat dry milk. Membranes were washed with 0.05% Tween 20 in TBS and incubated with peroxidaseconjugated second antibody or protein G. After washing, labeled proteins were developed using the ECL system. When stripping of the blots was required, membranes were incubated with 6.25 mM Tris-HCl pH 6.8, 2% SDS, 0.1 M 2-mercaptoethanol for 1 h and washed extensively with TBS before reblocking and probing.
Transient transfection
Transfections were performed using the DEAE-dextran method. Cells in exponential growth (10610 6 ) were washed in TS buffer (25 mM Tris-HCl pH 7.4, 137 mM NaCl, 5 mM KCl, 0.7 mM CaCl 2 , 0.5 mM MgCl 2 , 0.6 mM Na 2 HPO 4 ) and resuspended in 0.5 mg/ml DEAEdextran (Pharmacia, Uppsala, Sweden) in TS buffer containing 2.5 mg of Bcl-2 and pHook-3 plasmids. After 20 min incubation at room temperature, 6.75 ml RPMI with 5% FCS were added. Cells were incubated for 1 h at 378C, centrifuged and resuspended in 10 ml RPMI with 5% FCS alone or supplemented with 5 ng/ml IL-2. The CaptureTec pHook-3 kit (Invitrogen) was used for isolation of transiently transfected cells from a mixed population of transfected and untransfected cells. This system utilizes a specially designed vector (pHook-3) that expresses and displays a single-chain antibody (sFv) against a specific hapten on the surface of transfected cells. Cells expressing the sFv can then be isolated from the culture by binding to hapten-coated magnetic beads.
